The HDO absorption spectrum was recorded in the 13 165-13 500 cm Ϫ1 spectral region by intracavity laser absorption spectroscopy. The spectrum (615 lines), dominated by the 2 2 ϩ 3 3 and 1 ϩ 3 3 bands, was assigned and modeled leading to the derivation of 196 accurate energy levels of the (103) and (023) vibrational states. Finally, 150 of these levels were reproduced by an effective Hamiltonian involving two vibrational dark states interacting with the (023) and (103) 4618 -4639 (1997)) were extensively used in the assignment process. The particular spectral region under consideration was used to test and discuss the improvements of new ab initio calculations recently performed on the basis of the same potential energy surface but with an improved dipole-moment surface. The improvements concern both the energy levels and the line intensities. In particular, the strong hybrid character of the 1 ϩ 3 3 band is very well accounted for by the new ab initio calculations.
INTRODUCTION
In this paper, we continue our efforts started in Refs. (1, 2) aimed at the analysis of the near-infrared and visible absorption spectrum of HDO. The isotope substitution of one of the hydrogen atoms by deuterium strongly influences the intramolecular dynamics (3) and then changes the characteristics of the observed spectra. In Ref. (1) , the 4 3 absorption band centered at 13 853.631 cm Ϫ1 was analyzed. (Note that we use in the present paper the traditional labeling of the stretching vibrations with 1 and 3 standing for the OD and OH stretching, respectively.) It was evidenced that up to v 3 ϭ 5, the OH stretching states, (00v 3 ), can be treated as isolated or at least slightly perturbed states. In Ref. (2) , where the 2 ϩ 4 3 absorption band centered at 15 166.104 cm Ϫ1 was investigated, strong resonance interactions between the (014), (142), and (0 12 0) vibrational states were revealed, leading to the observation of many absorption lines belonging to the 1 ϩ 4 2 ϩ 2 3 and the 12 2 bands which borrow their intensities from the strong 2 ϩ 4 3 band lines partners. These unusual high-order resonances may result from strong centrifugal distortion effect induced by the excitation of the large-amplitude bending vibration (4). An interesting example of the intensity redistribution from A-to B-type transitions of the 2 ϩ 4 3 band due to the coexistence of both Fermi-and Coriolis-type interactions among the resonance triad was also evidenced (2) .
In this work, the absorption spectrum of HDO in the 13 165-13 500 cm Ϫ1 spectral region corresponding to the excitation of the (103) and (023) vibrational states is analyzed both experimentally and theoretically. This particular region will be used to test the improvements achieved recently by one of us (DS) in the prediction of the HDO spectrum from an ab initio potential energy and dipole momentum surfaces. The new calculations result in both more accurate line positions, due to better convergence of the rovibrational expansion, and more accurate line intensities, due to a better dipole-moment surface. This new level of accuracy is a great asset when analyzing the experimental spectrum.
EXPERIMENT
The experimental apparatus for ICLAS has been previously described (5) . The technical details and a very recent review of the results obtained by ICLAS can be found in Ref. (6) . In the current experiment, we used a standard standing-wave dyelaser cavity with a 50-cm cell inserted in the long arm of the cavity. The intracavity sample cell was filled with a 1:1 mixture of H 2 O and D 2 O at a pressure of 14 Torr (18.4 hPa). This procedure led to a mixture of H 2 O:HDO:D 2 O in a proportion close to 1:2:1. The spectra were obtained with a generation time of 100 s corresponding to an equivalent absorption path length of 15 km. A Styryl 8 dye solution was used to record the spectrum between 13 165 and 13 500 cm Ϫ1 . The relatively strong
oxygen present in the laser cavity prevents the measurement of HDO lines below 13 165 cm Ϫ1 . The spectral resolution of the high-resolution grating spectrograph dispersing the laser spectrum is about 0.025 cm Ϫ1 , Note. The experimental, calculated, and predicted (13) intensities are given in cm Ϫ2 /atm at 296 K and correspond to pure HDO. The total calculated and experimental line intensities are normalized (see text) to the total intensity predicted in Ref. (13) . Lines blended by H 2 16 O are marked by "b." In case of doublets, the same experimental intensity is given for the two components while the calculated intensities from the EH or from Ref. (13) (7) appearing superimposed on the HDO spectrum were used as references in the 13 400 -13 500 cm Ϫ1 spectral region. However, the H 2 O spectrum becomes too sparse below 13 400 cm Ϫ1 . In consequence, in the 13 165-13 400 cm Ϫ1 region, we were obliged to use as reference lines a few HDO lines calculated using ground state combination differences (GSCD) and rotationally assigned lines measured in the 13 400 -13 500 cm Ϫ1 region. We estimate our wavenumber calibration to be accurate to within 0.01 cm Ϫ1 as will be confirmed by the uncertainty obtained for the energy levels determined from several transitions. After suppression of the H 2 O lines, the final data set corresponds to 615 lines listed in Table 1 and plotted in Fig. 1a .
The relative intensities of the lines were roughly estimated from the peak depth of each line. In spite of its limited accuracy, this information will prove to be highly valuable in the spectral assignment process. This method leads to relatively strong deviations both for the stronger and the weaker lines. These are systematically under-or overestimated, respectively. In particular, for the 10% weakest lines, the automatic procedure used for the determination of the absorption baseline might lead, in some cases, to a 100% overestimation of the peak depth.
THEORETICAL ANALYSIS AND RESULTS
The initial approximation for the rotational and centrifugal distortion constants of the (103) and (023) states was derived from ab initio predictions by Partridge and Schwenke (8) . Transformed dipole-moment parameters were also estimated from the comparison of the calculated and observed line intensities and used as input data for the program exploited for an automatic spectra identification (9) . As the experimental energy levels were derived from the experimental data, spectroscopic constants were refined from the fitting to observed line positions and intensities, in the frame of the effective Hamiltonian (EH) method providing more accurate extrapolations. The predictions of Ref. (8) were also used as a guide in the identification process. Finally 557 absorption lines were as- signed to the 1 ϩ 3 3 and the 2 2 ϩ 3 3 bands transitions leaving 51 weak lines (7%) unassigned (see Table 1 ). One hundred ninety-seven experimental energy levels, listed in Table 2 , were derived from the observed frequencies by adding the lower state energy obtained from Ref. (10) . Table 2 includes the number of lines used in the determination of each level, the corresponding experimental uncertainties, and the difference between the experimental and predicted (8) energy levels. For small J values, these differences are on the order of 0.08 and 0.13 cm Ϫ1 for the 1 ϩ 3 3 and 2 2 ϩ 3 3 band, respectively, but increase up to 2.6 cm Ϫ1 for J ϭ 12, 13 levels. Since the highly excited vibrational states of HDO are subject to strong centrifugal distortion effect, the effective rotational Hamiltonian in the Pade-Borel approximation (11) (12) was used in the fitting of the experimental energy levels. (Note that the spectroscopic constants of this Hamiltonian have the same meaning as those used in the traditional Watson Hamiltonian.) In contrast with the H 2 16 O molecule, which has distinct polyad structure, no clear resonance polyad scheme was evidenced in HDO. It is then difficult to fix a priori the possible resonance, especially at a high degree of vibrational excitation. In our case, it was clear that the energy levels of both (103) (8) is often ambiguous and levels with high K a values appear to be perturbed through resonance interactions involving highly excited bending states.
In the case of the levels with low K a values, the energy levels predicted by the effective Hamiltonian help to vibrationally assign the corresponding states among a number of predicted levels. However, the accuracy of such predictions degrades rapidly as J and K a increase and becomes insufficient for an unambiguous vibrational assignment of the predicted (8) energy levels. In these circumstances, we could not identify which vibrational states are interacting with the energy levels of the (103) and (023) states for K a Ն 5 and J Ն 6. Most of these energy levels were therefore excluded from the fit.
Only two vibrational states, (151) and (260), were identified, on the basis of Ref. (8) The parameters obtained from the fitting to 150 experimental energy levels of the total number of 197 levels are presented in Table 3 with 65% confidence intervals. Parameters without confidence intervals were fixed to their initial estimated values. The rms deviation provided by variation of 28 parameters is 0.05 cm Ϫ1 , i.e., significantly larger than the averaged experimental uncertainty (0.007 cm Ϫ1 ) of the levels derived from the combination difference of two and more lines. The observed distortion in the signs and values of the spectroscopic parameters especially for the (103) state probably arises from the influence of the dark states which could not be assigned and included in the fitting process. It is then not surprising to observe strong deviations between the levels calculated from the parameters listed in Table 3 and the experimental values for the levels excluded from the fit. The corresponding transitions (40 in all) were, in fact, assigned using line center predictions of Ref. (8) .
During the course of this analysis, a new dipole-moment surface (DMS) for H 2 O became available (13) . Thus new calculations of the HDO spectrum were carried out to make the First, we used the new more accurate DMS (13) , and second, we took advantage of increased computing facilities to carry out calculations using larger rovibrational basis sets. In these calculations we computed all eigenvalues with energies up to 0.11 E h above the minimum, and we based our basis functions on a self-consistent field (SCF) calculation on the lowest rotation-bending level with 1 ϭ 3 ϭ 1. In the final diagonalization, we included all functions with sums of SCF energies up to 0.19 E h above the minimum, except the maximum energy stretching function had energy Յ0.15 E h , and the maximum energy rotation-bending function had energy Յ0.17 E h . The maximum number of functions in the final diagonalization was limited to 3000, and calculations were carried out for J up to 30.
The comparison of these new calculations with the experimental energy levels is presented in Table 1 with, when available, their rotational and vibrational assignments. Overall 350 absorption transitions were attributed to the 1 ϩ 3 3 band, while 316 of them belong to the 2 2 ϩ 3 3 band. It should be noted that our vibrational assignments are frequently inverted compared to those of Ref. (13) especially for the lines involving high K a . Six lines were found to belong to the 4 3 band (1). Only 7% of the observed HDO lines were left unassigned. Part of them may belong to the D 2 O isotope species. Some lines, marked by "b" in Table  1, are probably blended by H 2 16 O lines in accordance with the line lists given in Refs. (7) and (14) . It is interesting to note (see also Ref. (15) ) that rather strong HDO lines in the 13 390 -13 400 cm Ϫ1 region were erroneously presented as unidentified H 2 16 O lines in the line list attached to Ref. (14) . Comparison of the overview of the stick spectrum of the 1 ϩ 3 3 and 2 2 ϩ 3 3 bands of HDO in the 13 165-13 500 cm Ϫ1 spectral region: (a) Extracted from the ICLAS spectrum. The absolute intensities were normalized to the total absorption intensity predicted in this spectral region in Ref. (13) . The parameters of the transformed dipole moment of the (103) and (023) states were obtained using the approach presented in Ref. (16) from the fitting to 421 experimental intensities of 590 values initially introduced into the fitting process. The rms deviation achieved by variation of 25 parameters for both A-and B-type transitions is of 9.8%, i.e., close to the experimental accuracy of the well-resolved isolated lines. Still the calculated intensities of some transitions involving perturbed high K a energy levels are significantly (up to three times) overestimated (see Table 1 ) showing that the resonance scheme adopted is probably incomplete. Figures 1-3 show a comparison between the experimental and EH synthetic spectrum for the whole spectrum and two expanded regions. The overall agreement is satisfactory and the EH predictions can then reliably be used at least for an unambiguous rovibrational assignment of most of the absorption lines.
It is interesting to note that, except for a few levels of the (260) state interacting with levels of the (023) state, the resonance interactions with the two dark states introduced in the EH, in fact, do not induce sufficient intensity transfer from the 1 ϩ 3 3 and 2 2 ϩ 3 3 lines to allow the experimental observation of extra lines. Moreover, the strongly perturbed (8) . Note that the intensity scale is twice as much as in (b) and (c). The A and B type of the transitions of the 1 ϩ 3 3 band is given. Fig. 2 for the 13 366 -13 376 cm Ϫ1 spectral region. Note the drastic improvements between the predictions of (8) and (13) . For instance, the change in the relative intensities of the four lines close to 13 370 cm Ϫ1 shows that the hybrid character of the 1 ϩ 3 3 band is much better reproduced by the new predictions. Note also that the line positions of the 2 2 ϩ 3 3 band were predicted in Ref. (8) Similar to Refs. (1, 2) , to give an estimation of the absolute intensities of the observed absorption lines, we normalized our relative experimental intensities on the total predicted (13) absolute intensity of the two bands. This normalization procedure is supported by the excellent agreement between predictions of Ref. (8) and recent accurate experimental measure- 
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of the (103) and (023) Vibrational States of HDO
Note. Asterisks denote the energy levels excluded from the fitting. denotes the experimental uncertainties of the levels given in 10 Ϫ3 cm Ϫ1 . N is the number of lines sharing the same upper level. ⌬ 1 is the difference between the experimental energy levels and the predictions of Ref. (8) . ⌬ 2 is the difference between the experimental energy levels and the predictions of Ref. (13) . ments in the 4700 -7700 cm Ϫ1 spectral region (17-18) evidenced in Ref. (19) . The very good coincidence of the experimental (a) and newly predicted (c) intensities (see Figs. 1-3) allowed us to make a reasonable normalization of the experimental and calculated (EH) intensities over the whole spectral region. After normalization, the comparison of the experimental line intensities with the predicted (13) values shows that 91% of them agrees within 22% of their predicted values.
In the lower part (d) of Figs. 1-3 , the spectrum previously predicted in Ref. (8) is also given for comparison with the new prediction (13). Significant differences and improvements concerning the absolute intensities are noticed (see also Table 4 ). First, the total absorption intensity in the considered spectral region was reduced from 3.29 ϫ 10 Ϫ3 (Ref. Fig. 3 . The total A-and B-type intensities of the 1 ϩ 3 3 and the 2 2 ϩ 3 3 bands calculated from our EH parameters, and from the predictions of Refs. (8) and (13) , are collected in Table 4 . The EH calculations were performed in the 13 000 -13 560 cm Ϫ1 spectral region, taking into account all the lines with intensity larger than 1.0 ϫ 10 Ϫ8 cm Ϫ2 /atm. The new predictions (13) give nearly the same value for the A-and B-type transitions' total intensities of the 1 ϩ 3 3 band in agreement both with the experiment and the EH results. However, the previous calculations (8) predicted A-type integrated intensity about one order of magnitude larger than the B-type integrated intensity of this band. In other words, the strong hybrid character, starting from J ϭ 0, of the 1 ϩ 3 3 band is well reproduced (13) , while the previous ones predicted a band with mostly A-type character. The 2 2 ϩ 3 3 band has a strong B-type character well accounted for by the new calculations (13) but which was too pronounced in the previous calculations (8) . Note that the difference in the total A-and B-type intensities obtained in the frame of the EH method and predicted in Ref. (13) is due to the fact that the two approaches give for some lines different vibrational assignment.
The predicted spectra in the 12 000 -15 800 cm Ϫ1 range provided in Refs. (8) and (13) are compared in Fig. 4 . This comparison shows that the absolute intensity of all the bands except the 1 ϩ 3 3 and 2 2 ϩ 3 3 bands under consideration are mostly unchanged. This indicates, in particular, that the normalization procedure of the absolute intensities that we used in our previous investigations of the 4 3 (1) and 2 ϩ 4 3 (2) bands still hold with the new predictions (13) . These results are consistent with our observations on H 2 O (13). There, we saw that the two dipole-moment surfaces gave very similar results for lower energy transitions but could differ significantly for high-energy transitions.
Finally, concerning line positions, Figs. 2 and 3 show that for these particular spectral regions, the stronger deviations between the predicted and observed spectrum concern the transitions of the 2 2 ϩ 3 3 band with the highest J values. The quality of the new calculations (13) is highlighted in Fig. 3 by extremely weak features, at the limit of the experimental noise level which are fully predicted both in intensity and position.
CONCLUSIONS
The HDO absorption spectrum in the 13 165-13 500 cm Ϫ1 region was experimentally recorded and theoretically treated for the first time, leading to the complete spectrum assignment and the derivation of 196 accurate energy levels of the (103) and (023) vibrational states. The new results (13) of the accurate variational calculations of the HDO line positions and intensities were intensively used in the process of the spectrum assignment as well as the calculations in the frame of the effective Hamiltonian method. One of the interesting features evidenced by the present analysis is the strong hybrid character of the 1 ϩ 3 3 band with nearly equal A-and B-type transition intensities. Due to this circumstance, this band, in spite of being at least two times weaker than the 2 2 ϩ 3 3 band, has a larger number of observed transitions than the stronger band. This particular spectral region has given the opportunity to highlight the improvements of the ab initio predictions recently Constants of the (103), (023), (151), and (062 performed by one of us on the basis of the same PES but with an improved dipole-moment surface. The improvements compared to Ref. (8) concern both the energy levels and the line intensities. The analysis of the (103) and (023) vibrational states illustrates the limit of validity of the effective Hamiltonian approach in its conventional form when applied to the highly excited states of nonrigid molecules (see also the conclusions of Ref. (2)). Highorder resonance interactions involving simultaneous interaction with several "dark" vibrational states result in unstable fitting procedure. On the other hand, the variational approach developed in Refs. (8, 13 ) is based on a limited set of spectroscopic data but provides high-quality line positions and intensities predictions in a wide spectral range. However, the effective Hamiltonian method remains attractive since it is compact, well elaborated, and does not require large computer facilities.
